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Abstract: Optical microscopy is a powerful tool for exploring the structure and function of
organisms. However, the three-dimensional (3D) imaging of large volume samples is time-
consuming and difficult. In this manuscript, we described an on-line clearing and staining method
for efficient imaging of large volume samples at the cellular resolution. The optimized cocktail
can increase staining and imaging depth to reduce the sectioning and scanning time, more than
doubling the operational efficiency of the system. Using this method, we demonstrated the rapid
acquisition of Aβ plaques in whole mouse brain and obtained a complete set of cytoarchitecture
images of an adult porcine hemisphere at 1.625× 1.625× 10 µm3 voxel resolution for about 49
hours.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Brain is one of the most important and complex organs of the humans. It has complex structures
and billions of neurons [1,2]. The brain structure is still urgently needed for neuroscientists [3].
Therefore, it is very meaningful to develop whole brain imaging platforms for mapping brain
atlas and neural circuits [4,5]. Optical clearing technology combined with light-sheet microscopy
[6] for obtaining whole mouse brain images has been used widely, such as Scale [7], SeeDB [8],
3DISCO [9], CLARITY [10], CUBIC [11], FRUIT [12], PEGASOS [13], MACS [14], and their
variants [15,16]. In recent years, the optical clearing technology for large samples such as mouse
whole-body and human organ has also developed [17,18]. But these methods require several
months for processing samples. With the increasing of volume, the samples become more and
more difficult to be cleared and stained. Due to the limited working distance of the objective
with large numerical aperture, high-resolution imaging range can also be difficult to cover the
whole organ if we use light-sheet microscopy.

Alternating operation of physical sectioning and optical sectioning microscopy [19] can realize
high resolution 3D imaging for whole brain [20–23]. Physical sectioning can expand imaging
depth and the imaging range of the system that is only limited by the moving stage. Combining
physical sectioning and optical microscopy has the potential to acquire high resolution images
of large volume samples. However, continuous ultrathin sectioning is time-consuming and
seriously slows down the process of obtaining data. For example, in the wide-field large-volume
tomography (WVT) system [24], the exposure time of the scientific complementary metal-oxide
semiconductor (sCMOS) camera only accounts for 30% of the total imaging time. A large
amount of time is consumed in sectioning and stage movement. Using the existing parameters

#499115 https://doi.org/10.1364/BOE.499115
Journal © 2023 Received 27 Jun 2023; revised 13 Aug 2023; accepted 14 Aug 2023; published 21 Aug 2023

https://orcid.org/0000-0001-5519-6248
https://orcid.org/0000-0002-6725-9311
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/BOE.499115&amp;domain=pdf&amp;date_stamp=2023-08-21


Research Article Vol. 14, No. 9 / 1 Sep 2023 / Biomedical Optics Express 4801

and modes of the WVT system, imaging a macaque brain requires the system to continuously run
for nearly one year.

The concept of on-line clearing was proposed for imaging mouse brain by adding clearing
reagent to the water tank, expanding the imaging depth and reducing the number of sectioning
[25]. However, this method uses high concentrations of fructose and urea as transparent reagents,
and crystal precipitation may occur during long-term imaging of large volume samples. Viscosity
up to 36 mPa.s can also hinder the vibration of the blade, thereby affecting the surface flatness
of the sample. In addition, the reagent is not compatible with hydrophilic fluorescent dyes due
to its low water ratio. But large volume animal research often relies on chemical fluorescent
dyes for specific structural labeling because of the long-time and difficult process of establishing
transgenic models [26,27].

To overcome the above shortcomings and extend the concept to wider application, we proposed
an on-line clearing and staining method for imaging large volume samples at cellular resolution.
We optimized the clearing reagent by introducing the dimethyl sulfoxide (DMSO), a kind of
penetration enhancer to enhance clearing ability and keep low viscosity. We achieved rapid
on-line staining by adding fluorescent dye to the clearing reagent. We evaluated performance of
the reagent on clearing efficiency, compatibility with various fluorophores, staining efficiency,
and sample deformation. Using our method, we showed that Aβ plaques distribution in the whole
mouse brain and cytoarchitecture of adult porcine hemisphere at cellular resolution could be
obtained. This method makes it possible to image the large volume samples in high speed, which
greatly paves the way for exploring a variety of organs from large animal models.

2. Materials and methods

2.1. Animals

This study used three 3-month-old C57BL/6J, Thy1-GFP, and VIP-ires-Cre; Ai14 mice, two
6-month-old 5×FAD mice. (Jackson Laboratory, Bar Harbor, ME, USA). All animal experiments
were performed according to procedures approved by the Institutional Animal Ethics Committee
of Huazhong University of Science and Technology. The porcine brain was retrieved after death
from an adult pig used for food production.

2.2. Agarose embedding

The brain tissues are immersed in 4% paraformaldehyde (PFA, Sigma-Aldrich, USA) to preserve
and fix for 5-7 days. Before the experiment, the fixed brain is immersed in the clearing reagent
that consist of 30% (wt vol−1) fructose (Aladdin, China), 20% (wt vol−1) urea (Aladdin, China),
and 20% (wt vol−1) DMSO (Aladdin, China) for 4 days for pretreatment, and then placed in the
mold filled with 5% agarose (Sigma-Aldrich, USA) solution. The mold is placed in a 55 °C water
bath. The brain contacts with the agarose solution and cross link for at least 30 min. Then the
mold is taken out and free cooling for 30 min. After that, the embedded brain tissue is taken
out from the mold and immersed in the clearing reagent for storage or conducted experiments
directly [28].

2.3. On-line clearing and staining method

In order to quickly obtain three-dimensional (3D) data of large volume samples, we chose the line
confocal imaging method [29] and optimized the imaging solution to realize on-line clearing and
staining during imaging. A schematic diagram of on-line clearing and staining system for imaging
large volume sample is shown in Fig. 1(a). Line illumination is combined with a high-precision
3D stage to complete the scanning of the entire sample surface, and a vibration slicer is used
to expand the imaging depth. In order to quickly obtain 3D images with cellular resolution of
large volume samples, the system has installed a 4×, NA= 0.28 objective (Olympus, Japan) with



Research Article Vol. 14, No. 9 / 1 Sep 2023 / Biomedical Optics Express 4802

10 µm axial scanning step. The image voxel resolution is 1.625× 1.625× 10 µm3. The large
volume sample embedded in agarose is immersed in the on-line clearing and staining imaging
solution, and tens of micrometers thickness of sample beneath the surface is cleared and stained
during the sectioning and imaging process. To illustrate the mechanism of interaction between
sample and imaging solution, the schematic diagram is further shown in Fig. 1(b). During the
tissue sectioning, the newly exposed sample surface comes into contact with the imaging solution.
The tissue fluid and water are rapidly replaced by the high concentration and high refraction
immersion solution. The refractive index of the sample surface becomes homogeneous. At the
same time, small molecular fluorescent dyes are transported into the tissue to mark the target
substance. Thanks to the increase in staining depth and imaging depth, the physical sectioning
thickness of the sample can be increased. So the total number of sectioning and data acquisition
time will be reduced.

Fig. 1. Principle of on-line clearing and staining method. (a) Schematic of the imaging
system for obtaining dual channel data of large volume samples. DM, dichroic mirror;
L1-3, lens; C, cylindrical lens; OBJ, objective lens; EM, emission filter; TL, tube lens. (b)
Schematic of on-line clearing and staining during sectioning.

A suitable imaging solution is crucial for achieving on-line clearing and staining of large
volume samples, thereby accelerating data acquisition. First, the imaging solution needs to be
able to quickly realize optical clearing of samples surface. Second, a lower viscosity is required
to avoid obstructing sectioning and crystal precipitation. At present, various clearing reagents
that have been reported cannot directly meet the demand. We have screened and optimized the
imaging solution.

2.4. Clearing reagent based on a permeation enhancer

Inspired by various hydrophilic clearing methods [7,12], we use fructose and urea as the basic
components in the reagents. Considering the viscosity of the solution, the fructose concentration
is set at 30% (wt vol−1) and the urea concentration is set at 20% (wt vol−1). In order to enhance
clearing ability and speed, we compared the clearing rate of three penetration enhancers added
to the basic clearing solution [30,31], as show in Fig. 2(a). Three penetration enhancers are
1,2-propanediol (aladdin, China), 1,3-Dimethyl-2-iminazolidinone (DMI, aladdin, China) and
Dimethyl sulfoxide (DMSO,aladdin, China), set at 20% (wt vol−1). We used a vibratome to
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Fig. 2. Screening of penetration enhancers and measurement of reagent parameters. (a)
Comparing the rapid clearing ability of different reagents. Brain slices are placed on the
1 mm grid to image before and after clearing for 1 min and 2 min. The clearing reagent
components from left to right are 30% (wt vol−1) fructose+ 20% (wt vol−1) urea, 30% (wt
vol−1) fructose+ 20% (wt vol−1) urea+ 20% (wt vol−1) 1,2-propanediol, 30% (wt vol−1)
fructose+ 20% (wt vol−1) urea+ 20% (wt vol−1) DMI, and 30% (wt vol−1) fructose+ 20%
(wt vol−1) urea+ 20% (wt vol−1) DMSO. (b) - (d) Measured refractive index, viscosity, and
pH of different reagents. #1, 30% (wt vol−1) fructose; #2, 30% (wt vol−1) fructose+ 20%
(wt vol−1) urea; #3, 30% (wt vol−1) fructose+ 20% (wt vol−1) urea+ 10% (wt vol−1)
DMSO; #4, 30% (wt vol−1) fructose+ 20% (wt vol−1) urea+ 20% (wt vol−1) DMSO; #5,
30% (wt vol−1) fructose+ 20% (wt vol−1) urea+ 30% (wt vol−1) DMSO. (e) The relative
transmission rise of a 100 µm brain slice before and after clearing for 1 min and 2 min using
#2 and #4.
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slice the mouse brain into 300 µm-thick sections and took photos to record transparency of
brain sections before and after clearing. We found that the clearing speed of combination
reagent of fructose, urea, and DMSO was superior to others, as shown in Fig. 2(a). In order to
further determine the formula of the clearing reagent and the optimal concentration of DMSO,
we measured the viscosity (NDJ-5S, LICHEN, China), refractive index (WAY-2W, Shanghai
YiCe Apparatus & Equipment Co., China), and pH (pH-100, LICHEN, China) of five different
combinations of reagents, as shown in Fig. 2(b) - (d).

The refractive index of lipids, proteins, and other substances in the sample are generally
1.4-1.5. High refractive index solutions are more conducive to match and achieve better optical
clearing [32]. As the concentration of DMSO increases, the refractive index of the reagent
continues to increase, which means that the clearing ability of the reagent continues to improve,
but the viscosity also increases accordingly. When the concentration of DMSO in the reagent
reaches 30% (wt vol−1), the viscosity of the solution suddenly increases to 16.77 mPa.s. In order
to balance clearing ability and viscosity, we ultimately selected 20% (wt vol−1) DMSO as a
penetration enhancer to add to the reagent. The refractive index of the reagent reaches 1.44 and
its viscosity is 6.67 mPa.s. Alkaline reagents are also more likely to maintain the fluorescence
signal in the sample [33]. To quantitatively demonstrate the effectiveness of DMSO, we used
an Optical power meter (Nova II, Ophir Optronics, Israel) and a laser (491 nm, Cobolt, Solna,
Sweden) to measure the intensity change and calculated optical transmission rate of a 100 µm
brain slice before and after clearing. As shown in Fig. 2(e), clearing brain slices with 30% (wt
vol−1) fructose and 20% (wt vol−1) urea reagent for 1 min and 2 min, the light transmission rise
by 32.6% and 38.1%, respectively. Using 30% (wt vol−1) fructose, 20% (wt vol−1) urea, and
20% (wt vol−1) DMSO, the light transmission rise by 47.8% and 57.1%, respectively. So we
selected 30% (wt vol−1) fructose+ 20% (wt vol−1) urea+ 20% (wt vol−1) DMSO as our clearing
reagent. All solutes are dissolved in distilled water and can remain stable for several months.

3. Results

3.1. Fluorescence preservation of the clearing reagent

We performed 100 µm sectioning of fluorescent labeled mouse brain, soaked them in 0.01 M
phosphate-buffered saline (PBS, Sigma-Aldrich, USA) solution, and then imaged them using our
imaging system. Subsequently, we transferred the brain slices to the clearing reagent, imaged
them after 2 min. As shown in Fig. 3, we compared the performance of various fluorescent
signals before and after clearing for 2 min including GFP, tdTomato, PI, and TH-S signals. As a
representative, GFP was monitored for a long time, and no fluorescence quenching was observed
during prolonged contact with the clearing reagent. On the contrary, due to the clearing and
uniform refractive index of the sample, more fluorescence signals are detected.

3.2. Imaging depth of on-line clearing and staining

We placed the whole mouse brain in the water tank, filled up the imaging solution, and performed
a deep scan of the sample in 10 µm axial step using our imaging system. By viewing the images,
we can measure the imaging depth of the proposed clearing reagent for mouse brain. As shown
in the Fig. 4(a) and (b), the GFP labeled mouse brain images are displayed at intervals of 20 µm
before and after clearing, respectively. Before clearing, the image quality of the mouse brain on
the surface layer is good, but as the depth increases, the image quality rapidly deteriorates, and
the collected signals gradually weaken. The cleared sample has the property of being transparent
to light, and the imaging depth is greatly expanded. Soma and fiber signals can still be detected at
100 µm. We evaluated image quality by calculating the root mean square (RMS) of the image and
obtained the corresponding normalized RMS curve with increasing imaging depth by polynomial
fitting, as shown in Fig. 4(c). When the imaging depth reaches 100 µm, the RMS of the image
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Fig. 3. Compatibility of reagents with fluorescent proteins. (a)-(c) The GFP mouse brain
slice images before clearing, clearing 2 min and clearing 7 days. (a1)-(c1) The enlarged view
of the white box in (a)-(c). (d) and (e) Images of tdTomato labeled mouse brain slice before
and after 2 min clearing. (f) and (g) Images of mouse brain slice stained with PI before and
after 2 min clearing. (h) and (i) Images of mouse brain slice labeled with TH-S before and
after 2 min clearing. (j) The normalized intensity curve at the white dotted line of (a1)-(c1).

can be maintained at 80% of the surface layer. In order to validate staining efficiency, we added
PI (Sigma-Aldrich, USA) or TH-S (Sigma-Aldrich, USA) to the clearing reagent to form the
final online clearing and staining reagent. The concentration of PI is 2µg/ml in the solution.
The imaging depth of the brain after PI staining was measured, and the results are shown in
Fig. 4(d)-(f). From the Fig. 4(d), cells can be seen at 60 µm. While in the Fig. 4(e), the contrast
in the image deteriorates at 20 µm, making it difficult for cells to be recognized. Combining
online clearing and staining method, the imaging depth of PI staining can be expanded obviously.
Similarly, the concentration of TH-S is 0.25% (wt vol−1) in the solution. The imaging depth of
the brain after TH-S staining was measured, and the results are shown in Fig. 4(g)-(i). TH-S,
combined with the clearing reagent, is easier to reach the depths of the sample to label the Aβ
plaques. Meanwhile, as the sample becomes transparent, we can detect deeper signals.

3.3. Sample deformation of on-line clearing and staining

Deformation is inevitable during the process of sample clearing. In order to evaluate the impact
of our proposed reagent on sample volume, micro-computed tomography (micro-CT) was used
to scan and image an adult porcine brain. The collected images were processed and imported
into Amira software (v 5.3.2, FEI, France) for 3D reconstruction and volume calculation to
obtain the volume of the sample before clearing. Then the porcine brain was immersed in the
reagent and scanned every 2 days. The volume data of porcine brain changes with clearing
time is shown in the Fig. 5. When the sample just contacts with the reagent, the volume of the
sample will decrease in a certain proportion due to dehydration. On the fourth day, the sample
deformation reaches balance. The volume of the sample basically remains unchanged. Therefore,
in subsequent experiments and imaging processes, a sample pretreatment stage was added to
reduce the deformation of the sample during the imaging process. The steps of pretreatment are
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Fig. 4. Imaging depth before and after on-line cleaning and staining. (a) and (b) The GFP
labeled mouse brain images before and after clearing for 2 min at intervals of 20 µm. (c)
The correlation curve of RMS and imaging depth by polynomial fitting for GFP-labeled
brain. (d) and (e) The PI stained mouse brain images before and after clearing and staining
for 2 min at intervals of 10 µm. (f) The correlation curve of RMS and imaging depth by
polynomial fitting for PI-stained brain. (g) and (h) The TH-S stained mouse brain images
before and after clearing and staining for 2 min at intervals of 10 µm. (f) The correlation
curve of RMS and imaging depth by polynomial fitting for TH-S stained brain.

as follows: Immerse the fixed sample in the clearing solution for at least 4 days; Take out the
sample and directly embed it in agarose; Place the embedded sample in a water tank containing
the on-line clearing and staining solution for imaging.

In fact, the obvious sample deformation mainly occurs in the physical sectioning position. In
order to quantitatively analyze the sample deformation obtained using our method, we imaged a
porcine brain with 50 µm imaging depth and 40 µm sectioning thickness. The 10 µm redundant
information was used for data registration. We used the Descriptor based registration plugin
[34] in ImageJ software to detect the transformation of the two layers of images before and
after physical sectioning. The RegularizeData3D function in MATLAB R2017a (License No.
40588452) was used to interpolate and fit the obtained transformation data at each position, and
output the porcine brain deformation map, which includes deformation in the X and Y direction,
as shown in the Fig. 5(d) and (e). Due to the low axial resolution of the imaging system, no
significant deformation observed in the Z direction. In fact, the image shifting obtained using our
system are actually only a few pixels, and the impact on the study of cells with a diameter of tens
of micrometers is negligible.

3.4. Whole brain Aβ plaque acquisition

Aβ plaque is one of the pathological features of Alzheimer’s disease. Visualizing the distribution
of plaques in the whole brain is extremely important for research on the spatiotemporal origin and
development of Alzheimer’s disease [35]. TH-S is a type of fluorescence dye that can specifically
bind to Aβ plaques [36]. We added the TH-S to on-line clearing reagent forming the on-line
clearing and staining reagent to acquire the Aβ plaques images quickly.
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Fig. 5. Evaluation of sample deformation. (a) and (b) 3D reconstruction of porcine brain
before and after clearing 4 days. (c) A histogram of porcine brain volume with clearing time.
(d) and (e) X-direction (physical sectioning direction, corresponding anterior-posterior axis)
and Y-direction (corresponding dorsal-ventral axis) deformation from the upper layer to the
next layer before and after sectioning, respectively.

To verify the specificity of on-line TH-S staining, we used a vibratome to slice the 5×FAD
mouse brain into 70 µm thick sections and performed immunofluorescence staining and imaging
on the mouse brain slices. The mouse monoclonal antibody MOAB-2 diluted at 1:800 (Biosensis,
M-1586-100) was used to combine amyloid beta peptide and the secondary antibody is Goat
Anti-Mouse Alexa Fluor@405 diluted at 1:1000 (Abcam, ab175660). The subsequent operation
and other related reagents are consistent with the conventional protocols [37]. The on-line
clearing and TH-S staining reagent with 30% (wt vol−1) fructose+ 20% (wt vol−1) urea+ 20%
(wt vol−1) DMSO+ 0.25% (wt vol−1) TH-S stained the mouse brain slices for 2 min without
washing, simulating the actual on-line clearing and staining process. Finally, we imaged the
brain slice using a commercial confocal microscope (Zeiss LSM710; 10×, NA0.5) and compared
the results of the same brain slice stained with TH-S and immunofluorescence staining using
MOAB-2 antibody, as shown in the Fig. 6(a) and (b). The white arrows in enlarged images
showed the Aβ plaques co-labeling of TH-S and MOAB-2 staining. To obtain the distribution of
Aβ plaques in the whole brain, we used on-line clearing and TH-S staining reagent as imaging
solution to imaging the whole brain. In this experiment, the physical sectioning thickness was
set to 40 µm and imaging depth was set to 50 µm with 5 µm axial interval. In order to reduce
light absorption by the dark color imaging solution, we used the 20X objective lens (UPLSAPO
20XO, Olympus, Japan) with 270 µm working distance. we obtained whole brain data through
mosaic stitching imaging method. As shown in the Fig. 6(c), the brain contour can be obtained
by reconstruction of the whole brain images using the Amira software. The distribution of Aβ
plaques at different coronal slices is showed in Fig. 6(d)-(m). The distribution of Aβ plaques in
thalamus and hippocampus is further magnified and shown in Fig. 6(h1) and (i1). We can also
display and study the 3D spatial position relationship between Aβ plaques, as shown in Fig. 6(i2)
and (i3).
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Fig. 6. Aβ plaques distribution in the whole mouse brain. (a) and (b) The brain slice images
stained by TH-S and MOAB-2, respectively. (a1), (a2), (b1), and (b2) The enlarged views
of the white box in the (a) and (b). The white arrows indicate the co-labeling results of
TH-S and MOAB-2. (c) The contour of a 6-month-old 5×FAD mouse brain. (d)–(m) The
coronal slices of the mouse brain at the corresponding positions of the white line at the (c),
respectively. The coronal slices are displayed at an interval of 1 mm. (h1) The enlarged
view of the white box in the (h), showing the distribution of Aβ plaques in the thalamus.
(i1) The enlarged view of the white box in the (i), showing the distribution of Aβ plaques in
the hippocampus. (i2) A data cube displaying the 3D distribution of Aβ plaques. (i3) The
enlarged view of the red cube in (i2) shows the plaque morphology at cellular resolution.
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3.5. Porcine hemisphere cytoarchitecture

Cytoarchitecture data is the foundation for drawing brain atlas and structural localization [38].
We can utilize the proposed on-line clearing and staining system to quickly obtain 3D images of
large volume samples. As shown in the Fig. 7, We conducted on-line clearing and PI staining
for imaging of an adult porcine hemisphere. To ensure image quality, the physical sectioning
at 40 µm step and line-scanning imaging at 10 µm step and 50 µm imaging depth alternately
for about 2 days to complete the imaging. Our system allowed the porcine brain to be cleared,
stained and imaged layer by layer. We used the MATLAB software to stitch images and remove
the artifacts in a T7600 workstation (two Intel E5-2687w CPUs, 256GB memory and a Nvidia
K6000 graphics card, Dell Inc., USA). The 3D reconstruction and visualization are realized
by Amria software. Because of the 3D imaging, horizontal plane, coronal plane and sagittal
plane images can also be visualized in the same set of data, as shown in the Fig. 7(c)-(e). In
order to demonstrate that our method can achieve uniform PI staining of large volume samples,
enlarged images of different positions in a typical porcine brain image are shown in Fig. 7(f)-(m).
The further enlarged views, as shown in the Fig. 7(i1) and (m1), indicate the cellular resolution
images.

Fig. 7. A complete cytoarchitecture data set for an adult porcine hemisphere. (a) The
porcine brain sagittal plane images displayed at interval of 2 mm. (b) The outline of a
porcine hemisphere. (c) The typical horizontal plane image located in the red box of the (b).
(d) The typical coronal plane image located in the yellow box of the (b). (e) The typical
sagittal plane image located in the white box of the (a) and (b). (f)-(m) The enlarged views
of white box in the (e). (i1) and (m1) The enlarged view of white box in the (i) and (m).

Due to the clearing and staining of samples with a thickness of several tens of micrometers
during the imaging process, it has been verified that the imaging depth is increased, and the
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thickness of the sectioning can be increased several times, greatly reducing the total number
of physical sectioning. In addition, the mechanical movement of the sample from the imaging
position to the sectioning position is also reduced. We compared in detail the data acquisition
time with or without on-line clearing and staining at voxel resolution 1.625× 1.625× 10 µm3.
The imaging depth and sectioning thickness are both 10 µm in conventional system. In on-line
clearing and staining system, the imaging depth is 40 µm with 10 µm axial scanning interval, and
the sectioning thickness is 50 µm. As shown in Fig. 8, the first bar for each histogram is the time
using conventional line scan and vibratome system, consisting of three parts: imaging time, stage
movement time, and physical sectioning time. The second bar is the total time using the on-line
clearing and staining method. Due to the redundant data, the imaging time has slightly increased,
but the time for physical sectioning and stage movement in both sectioning and imaging positions
has significantly decreased. In the mouse whole brain (size: 14× 10× 10 mm3) imaging, the
total time using or not using on-line clearing and staining is 2.63 h and 8.76 h, respectively. In the
porcine hemisphere (size: 80× 36× 25 mm3) imaging, the total time using or not using on-line
clearing and staining is 49.15 h and 132.79 h, respectively. By calculating, we can conclude that
using on-line clearing and staining can more than double the speed for obtaining 3D data of the
system.

Fig. 8. Time comparison. (a)-(c) The total time for obtaining data using conventional line
scan and vibratome system (#1) and on-line clearing and staining system (#2). The total
time includes imaging time (purple), stage movement time (yellow), and physical sectioning
time (red).

4. Discussion and conclusion

Optical clearing technology combined with light-sheet microscopy is a widely used 3D imaging
method. However, with the increase of sample volume, traditional methods such as tissue optical
clearing and fluorescent staining are difficult to realize. We often spend months preparing
samples for imaging. The imaging range of a light-sheet microscopy needs to be balanced with
imaging resolution. Physical sectioning can infinitely expand the imaging depth to realize large
volume sample imaging with various optical microscopy. But physical sectioning requires a lot
of time. Long term data collection will affect the cycle of biological research and analysis.

In order to reduce the sectioning and stage movement time of the system, we optimized
the imaging solution to clear and stain the sample surface during the sectioning and imaging
processes. Imaging solutions with clearing and staining need to meet the characteristics of high
refractive index and low viscosity. We measured the various parameters of the reagent and
ultimately determined the optimal clearing solution that is 30% (wt vol−1) fructose+ 20% (wt
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vol−1) urea+ 20% (wt vol−1) DMSO. TH-S and PI with appropriate concentrations can be added
to achieve rapid staining and clearing in the meanwhile. Through experimental verification,
the proposed reagent can perfectly maintain the stability of fluorescence in the samples. We
also measured the imaging depth of GFP, PI staining and TH-S staining through experiments,
proving the effectiveness of our method. By scanning the porcine brain, we established a
sample pretreatment step to prevent the deformation of the sample. At the sectioning layer, the
deformation of the sample is only a few micrometers.

In summary, we obtained Aβ plaques distribution in mouse brain and cytoarchitecture data in
the porcine hemisphere at cellular resolution using on-line clearing and staining method. By
calculating the total time for different samples, it was found that on-line clearing and staining can
significantly double imaging system efficiency. However, it should be noted that the 4X objective
currently used in our system cannot provide sufficiently detailed images, especially in the axial
direction. A higher magnification and large numerical aperture objective require longer imaging
time, while on-line clearing and staining method only reduce physical sectioning time and stage
movement time. Therefore, for submicron high-resolution imaging system, on-line clearing
and staining method maybe not significantly shorten the total time. In addition, processing the
massive data generated in 3D imaging of large volume samples poses a huge challenge for the
research and analysis of biological problems [39]. Image enhancement and extracting valuable
information from massive data using deep learning is a feasible solution [40]. In short, on-line
clearing and staining can obtain cellular resolution datasets of large volume sample at high speed.
By analyzing and researching on the brain of large mammals, it has the potential to uncover more
biological mysteries and help humans overcome various diseases.
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